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Abstract: This study demonstrates the utility of an updated mass balance model for predicting
the distribution of organic chemicals in in vitro test systems (IV-MBM EQP v2.0) and evaluates
its performance with empirical data. The IV-MBM EQP v2.0 tool was parameterized and applied
to four independent data sets with measured ratios of bulk medium or freely-dissolved to initial
nominal concentrations (e.g., C24/C0 where C24 is the measured concentration after 24 h of exposure
and C0 is the initial nominal concentration). Model performance varied depending on the data set,
chemical properties (e.g., “volatiles” vs. “non-volatiles”, neutral vs. ionizable organics), and model
assumptions but overall is deemed acceptable. For example, the r> was greater than 0.8 and the
mean absolute error (MAE) in the predictions was less than a factor of two for most neutral organics
included. Model performance was not as good for the ionizable organic chemicals included but the r?
was still greater than 0.7 and the MAE less than a factor of three. The IV-MBM EQP v2.0 model was
subsequently applied to several hundred chemicals on Canada’s Domestic Substances List (DSL) with
nominal effects data (AC50s) reported for two in vitro assays. We report the frequency of chemicals
with AC50s corresponding to predicted cell membrane concentrations in the baseline toxicity range
(i.e., >20-60 mM) and tabulate the number of chemicals with “volatility issues” (majority of chemical
in headspace) and “solubility issues” (freely-dissolved concentration greater than water solubility
after distribution). In addition, the predicted “equivalent EQP blood concentrations” (i.e., blood
concentration at equilibrium with predicted cellular concentration) were compared to the AC50s
as a function of hydrophobicity (log octanol-water partition or distribution ratio). The predicted
equivalent EQP blood concentrations exceed the AC50 by up to a factor of 100 depending on
hydrophobicity and assay conditions. The implications of using AC50s as direct surrogates for
human blood concentrations when estimating the oral equivalent doses using a toxicokinetic model
(i.e., reverse dosimetry) are then briefly discussed.

Keywords: in vitro; bioactivity/toxicity; distribution; Q-IVIVE

1. Introduction

In vitro bioactivity and toxicity data are increasingly being reported in the sci-
entific literature in response to the desire to reduce in vivo animal testing and re-
duce the amount of time and effort required to characterize the potential hazards and
risks of the thousands of chemicals in commerce. For example, the ToxCast program
(https:/ /www.epa.gov/chemical-research/toxicity-forecasting) has generated in vitro
data for thousands of chemicals across hundreds of different assays and assay end-
points [1,2].
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A major challenge with the interpretation and application of in vitro toxicity test
data is the typical practice of using nominal (administered) bulk medium concentrations
to report the dose associated with responses instead of more directly relevant metrics
such as the freely-dissolved or cellular concentration [3-15]. In some cases, the volume of
medium in the well plate is too small to allow for experimental dose confirmation (e.g.,
the 1536 well plates used in some ToxCast assays). In other situations, the resources and
expertise required to conduct experimental dose confirmations are unavailable. While
in vitro bioactivity and toxicity data on a nominal concentration basis can and have been
used to assess toxicity, the benefits of experimental dose confirmation or estimation of
additional dose metrics for subsequent data interpretation and analyses are clear. For
example, the (estimated) freely-dissolved concentrations from in vitro testing are expected
to be more comparable to the (estimated) freely-dissolved concentrations corresponding
to effects from in vivo testing and hence are more useful and reliable for in vitro-in vivo
extrapolation (IVIVE) (e.g., [10,16]). To address the fact that experimental dose confirmation
is not always feasible, various researchers have developed and applied mass balance
models to simulate the distribution of organic chemicals in in vitro test systems [17-24].
Regression-based approaches to estimate depletion of the medium as a function of octanol-
water partitioning and Henry’s Law constant have also been proposed [25]. The value
of characterizing the disposition of organic chemicals in in vitro test systems using a
mass balance model was recently demonstrated by Casey et al. [26] in their evaluation of
IVIVE approaches relating in vitro estrogen receptor activity to in vivo estrogenic effects
from rodent uterotrophic studies. Specifically, Casey et al. found that the predictive
performance of their extrapolation approaches was significantly improved by adjusting
in vitro bioactivity data using the cellular Enrichment Factor (EF, ratio of predicted cell
concentration to nominal medium concentration) generated by the in vitro distribution
model described by Armitage et al. [18].

The main objective of this work is to describe, apply and evaluate an updated version
of the Armitage et al. in vitro mass balance model originally published in 2014 (“IV-MBM
v1.0”) [18]. While the general utility of the 2014 version of the model was demonstrated
in the related publication, the model has several limitations. For example, sorption to
plastic was excluded in the mass balance calculations and only neutral forms of organic
chemicals could be simulated. Furthermore, parameterization of the model to match the
wide range of experimental conditions for a large number of in vitro test systems described
in the literature was not intuitive. In addition, the original model was not rigorously
evaluated due to the lack of suitable experimental data. A number of studies quantifying
the in vitro disposition of organic chemicals have been published since 2014 which now
permit model performance to be better assessed. The new version of the tool, IV-MBM EQP
v2.0, its updates, novel outputs, and various model applications are documented herein.
The potential implications for using in vitro bioactivity and toxicity data for interpretating
relative hazard (i.e., potency) and for using in vitro data for reverse dosimetry and IVIVE,
e.g., calculating oral equivalent doses (OEDs) and related metrics are also discussed.

2. Materials and Methods
2.1. Basic Model Description

The IV-MBM EQP v2.0 is a “static” (i.e., equilibrium partitioning based) model for
simulating the distribution of organic chemicals in in vitro test systems. Once added to
the test system via the medium, the chemical is subject to various transport (diffusion)
and partitioning processes (e.g., volatilization, specific and non-specific interactions with
medium lipids and proteins, sorption to well plate plastics, uptake into cells) that determine
the distribution of the chemical and influence the dose-response. The distribution of the
chemical in the test system is calculated by the IV-MBM EQP v2.0 model as a function
of partitioning ratios and volumes or surface areas of the various phases included (e.g.,
medium, cells, serum lipids, and albumin, vessel wall) [18]. The model output can be
considered to represent the ultimate fate of the chemical in the test system given the exper-
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imental conditions assuming no changes in system parameters and characteristics. The
kinetics of uptake and distribution cannot be simulated using an equilibrium partitioning-
based model nor can processes such as degradation/biotransformation and cell growth be
explicitly represented.

There is a large variety of in vitro test systems in terms of well plate size (e.g.,
6-1536 well plate), working volume of medium (1-1000 pL), medium characteristics (e.g.,
0-20% serum), and cell properties and initial seeding density. In addition, chemicals span-
ning a very wide range of properties have been tested in in vitro systems. Accordingly,
a flexible and transparent modelling approach is required to allow users to simulate the
distribution of organic chemicals across exposure scenarios. To better address these issues,
the IV-MBM EQP v2.0 model has been updated with the following features, (i) proximate
composition of cells expanded to include storage lipids, membrane lipids, bulk proteins
and water, (ii) vessel wall (plastic) added to the mass balance with two options to estimate
partitioning, (iii) ability to enter biopartitioning data (e.g., membrane-water, serum albu-
min water partitioning) directly instead of relying on default model calculations based on
basic physical-chemical partitioning data (e.g., octanol-water partition ratio), (iv) ability
to simulate ionizable organic chemicals (IOCs, monoprotic acids and bases), (v) ability
to distinguish between sorption to anionic phospholipids and neutral phospholipids for
I0Cs [27], (vi) preliminary approach to simulate lysosomal sequestration (“ion trapping”)
for basic IOCs (e.g., [28,29]), and (vii) guidance to facilitate more realistic parameterization
of well plate characteristics (e.g., surface areas, total well plate volumes, typical cell seeding
densities and mass per cell). See the Supplementary Material (Section S1) for more complete
details on the updates implemented in the IV-MBM EQP v2.0 model.

Because the IV-MBM EQP v2.0 model was updated to allow the simulation of IOCs,
the core equation from the Armitage et al. model [18] now uses partition ratios for neutral
organics and distribution ratios for IOCs. i.e.,

For Neutral Organics:

Mr
Vi + KawVa + Ksaw Vsa + Ksiw Vs + Kpsw Vs + Kew Ve + Kpiw Apy

Cw )
where Mr is the total amount of chemical added to the test system (umol), Cy is the
predicted freely-dissolved concentration in the medium (uM), Vy is the volume of medium
(aqueous phase only) (uL), Kaw is the dimensionless air-water partition ratio, V4 is the
volume of headspace, Kg, is the serum albumin-water partition ratio, Vg, is the volume
of serum albumin, Kg;y is the storage lipid-water partition ratio, Vg is the volume of
storage lipid, Kpsp is the “other dissolved organic matter”-water partition ratio, Vp; is the
volume of “other dissolved organic matter”, K¢y is the cell-water partition ratio, V¢ is the
volume of cells and Kpyyy is the plastic-water partition ratio, Ap; is the surface area of plastic
exposed to the medium.

Once the freely-dissolved concentration in the medium is determined, concentra-
tions and masses in other phases can be calculated using the corresponding partition-
ing ratios (e.g., cell concentration = Kcyy X Cp ) and volumes (e.g., mass absorbed by
cells = Keyw X Cw X Vo).

For Ionizable Organic Chemicals (IOCs):

Mr
~ Viw + DawVa + Dsaw Vsa + Dsiw Vs + Dpsw Vs + Dew Ve + Dpiw Apy

Cw @)
where the partition ratios in Equation (1) are replaced with pH-dependent distribution
ratios [30]. The user can specify the pH of the medium and the cell interior (cytoplasm).
The pH of fluid within lysosomes can also be specified by the user as part of the preliminary
approach to address lysosomal sequestration (“ion trapping”). Distribution ratios are
calculated as a weighted average of the partition ratios of the neutral and charged form
depending on pH and pKa. Partitioning data for neutral and charged forms can be entered
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by the user. In the absence of data for the charged form, partitioning is scaled to the values
for the neutral form as described in the Supplementary Material (Section S1).

Note that the cell-water distribution ratio D¢ in Equation (2) is adjusted to account
for pH differences between the two aqueous phases using the following equations:

For acidic IOCs: Adj (el Bulk pi)

Diyw = Dcew-10 P P 3)
For basic IOCs: Ad) (Bulk pH_Cell pi)

Deyw = Dcew-10 P p 4)

Following this approach, the adjusted cell-water distribution ratio for acidic IOCs is
0.4-fold smaller if the cell pH = 7.0 and medium pH is 7.4; conversely, the adjusted cell-
water distribution ratio for basic IOCs is 2.5-fold greater under these conditions. Note that
strictly speaking the approach for IOCs described above can only be applied to monoprotic
acids and bases. Multiprotic IOCs can be simulated by the IV-MBM EQP v2.0 model but
the calculations can only consider the strongest acidic or basic functional group (i.e., the
smallest acidic pKa or largest basic pKa).

2.2. Sorption to Vessel Wall (Plastic)

Sorption to the vessel wall of the well plate is calculated based on the surface area of
plastic exposed to medium and plastic-water partition (or distribution) ratios. The user
can enter their own estimates or select from two estimation approaches, the Kow-based
single parameter linear free energy relationship (spLFER) derived by (i) Kramer [14] or
(ii) Fischer et al. [31].

Kramer spLFER [14]:

lOg KPIW =097 logKOW,N —6.94 (5)
Fischer et al. spLFER [31]:
lOg KPIW =0.56 lOgKOW,N —4.64 (6)

These partitioning ratios are both in units of m®/m? and apply to neutral chemicals
only. The partitioning ratio of the charged form of an IOC is calculated from the value
for the neutral form using a scaling factor (See the Supplementary Material, Section S1).
Because the slopes and y-intercepts differ substantially, the two spLFERs are compared
across a range of log Kow in the Supplementary Material (Section S2). A third spLFER
derived by Fischer et al. [31] using sorption data over a shorter experimental duration
is also considered. Predicted log Kp;y values are within a factor of approximately 5 for
chemicals with log Kow n between 4.0 and 7.5 but differ more substantially (i.e., a factor of
5 or greater) for chemicals outside this range. These differences are expected to be most
relevant for predicting the distribution of chemicals with log Kow values between 2 to 4 or
log Kown greater than 7.5 particularly in in vitro test systems lacking fetal bovine serum
(FBS). The ratio of medium volume to the surface area of plastic in contact with the aqueous
phase may also influence model performance across different test systems for chemicals
where predicted log Kpyy are substantially different.

2.3. Depletion Factors (DF), Enrichment Factors (EF), Equivalent EQP Blood Concentrations

Depletion and Enrichment Factors were defined in Armitage et al. [18] and then
presented as a function of hydrophobicity in the original publication for a set of chemicals
with diverse partitioning properties. For convenience, the Depletion Factor (DF) and
Enrichment Factor (EF) are given again below.

DF = (CW) B @)

Cn,1
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EF = L ®)

Cnr
where Cyy is the predicted freely-dissolved concentration in the test medium, Cy  is the
initial nominal medium concentration (e.g., IC50, EC50, or AC50) and C¢ is the predicted
cellular concentration. DF quantifies the extent to which the freely-dissolved concentration
is reduced in comparison to the nominal and is basically just the inverse of the concentration
ratios used to evaluate the model (i.e., C24/C0). EF quantifies the extent to which the
cellular concentration is enriched relative to the initial nominal medium concentration and
is a more appropriate dose metric for extrapolation.

For high-throughput reverse dosimetry exercises (e.g., [32]), in vitro bioactivity data on

a nominal concentration basis (e.g., AC50s) haven traditionally been divided by a predicted
blood concentration (Csg) to arrive at an oral equivalent dose (OED, mg/kg/d), i.e.,
%y

SS

OED = AC50-

©)

This extrapolation method assumes that the AC50 is a direct surrogate for blood even
though in vitro test media can vary widely in composition (e.g., FBS volume fraction from
0 to 20%) and hence the conditions in the in vitro environment are almost never identical
to blood.

To address the potential bias inherent to this assumption, the IV-MBM EQP v2.0 tool
outputs a novel metric called an equivalent EQP blood concentration (EQP Cp):

EQP Cp = %CC or gi:vv Cc (10)

where Kcw or Dy is the cell-water partition or distribution ratio and Kpy or Dpyy is the
blood-water partition or distribution ratio. EQP Cp is the blood concentration necessary to
achieve the same chemical activity (or fugacity) as the predicted cell concentration from
the in vitro test under equilibrium conditions. The estimated EQP Cp can subsequently be
related to the nominal AC50 to arrive at an Enrichment Factor similar to the EF defined
above but using blood as the phase of interest, i.e.,

_ EQPCy

EFg = 4050 (11)

EFp values of one indicate that AC50 is a good surrogate for the equivalent blood
concentration whereas larger values quantify the extent to which the AC50 underestimates
the equivalent concentration eliciting the response in cells from the in vitro test.

The blood-water partition or distribution ratios are calculated using bioparti-
tioning estimates and the proximate composition suggested by Endo et al. [33] (See
Supplementary Material, Section S3). Note that this calculation can also be made refer-
enced to plasma (i.e., EFp) instead of blood. That output is included in the IV-MBM EQP
v2.0 tool but not presented here as part of the illustrative model application.

2.4. Model Implementation (Excel/VBA)

The IV-MBM EQP v2.0 model is implemented as an Excel/VBA spreadsheet tool.
The user navigates through a series of input sheets (Chemical Data, Options for Generic
Calculations, Well plate characteristics, System Parameters) before generating output by
clicking on a command button (ActiveX control). Macros must be enabled in the software
for the model to function. The model can be obtained by request from the following website:
https:/ /arnotresearch.com/models/.

The minimal physical-chemical property inputs required to run the model are (i) molec-
ular weight (MW, g/mol), (ii) melting point (MP, °C), (iii) IOC type and pKa (acids, bases),
(iv) octanol-water partition ratio of the neutral form (log Kown), (v) air-water partition
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ratio of the neutral form (log Kawn), and (vi) water solubility (mg/L). The user is also
required to enter the effects concentration in units of pM.

The output generated by the model has displayed on a series of sheets including the
following, (i) concentrations in all phases (i.e., cells, freely-dissolved medium, headspace,
sorbed to serum albumin and lipids, sorbed to plastic), (ii) mass fractions in all phases,
(iii) masses in all phases, (iv) the IVIVE related outputs and (v) partitioning data adjusted to
the temperature, pH and ionic strength of the medium. The I[V-MBM EQP v2.0 model also
provides a “QA-QC” output sheet which documents the frequency of chemicals with the
“volatility issue” (2/3 of chemical mass in headspace), “solubility issue” (freely-dissolved
concentration > water solubility after distribution), and predicted cellular or membrane
concentrations in the range of baseline toxicity (e.g., membrane concentrations greater than
20-60 mM) [34].

2.5. Model Implementation (R/EAS-E Suite)

The IV-MBM EQP v2.0 tool has also been coded in the R programming environ-
ment [35] and can be used in the freely accessible online Exposure And Safety Estimation
(EAS-E) Suite platform (https:/ /arnotresearch.com/eas-e-suite/). The same minimal in-
puts are required as for the Excel/VBA version and the R/EAS-E Suite implementation
provides the same outputs. The main advantage is that this version of the [IV-MBM EQP
v2.0 tool is directly linked to the EAS-E Suite database, and physical-chemical properties
required to parameterize the model for 50,000 discrete organic chemicals are provided
automatically by the system based on user input of chemical CAS RN, name, or SMILES
notation. This greatly facilitates the initial parameterization and application of the model.
Users also have the option of including model input values they may prefer to the values
provided in the EAS-E Suite platform (e.g., log Kow). Users are required to obtain pKa
estimates for IOCs from available databases and/or estimation software and enter them
manually. The EAS-E Suite implementation includes automated system parameterization
for four specific cell lines (MCF7, HCT116, HEK293T, and HepG2) [20,36,37] in addition to a
default generic cell. Whereas the Excel/VBA version allows the user to conduct simulations
for multiple chemicals simultaneously (i.e., batch mode), the IV-MBM EQP v2.0 model
currently implemented in EAS-E Suite can only conduct simulations for one chemical at
a time.

2.6. Model Parameterization and Evaluation

The IV-MBM EQP v2.0 model was evaluated against four independent data sets [38—41]
reporting either the ratio of bulk medium or freely-dissolved concentration to initial nom-
inal after 24 or 96 h of exposure (e.g., C24h/C0). Note that three of these data sets were
used recently to evaluate the 2014 version of IV-MBM by other researchers [25]. Some key
features of these data sets are summarized in Table 1.

The IV-MBM EQP v2.0 model was parameterized using the physical-chemical property
data reported in the Supporting Information of Stadnicka-Michalak et al. [25] for three data
sets [38,39,41] and in the main text and Supporting Information of Huchthausen et al. [40]. The
membrane-water and serum albumin-water partitioning data reported by Huchthausen et al. [40]
were used to parameterize the model for that application. For the three other applications,
partition and distribution ratios were estimated using the spLFERs and scaling factors
implemented in the model (e.g., [31,42,43]). Parameterization of the test system (e.g.,
temperature, FBS volume fraction) was based on information provided in the various
studies. Cell properties were also taken from the original studies and supplemented with
data published elsewhere as necessary (e.g., [20,37,44]). Simulations were conducted using
both options for plastic-water partitioning. See the Supplementary Material (Section S4)
for additional details.
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Table 1. Summary of data sets used to evaluate the IV-MBM EQP v2.0 model.

Number, Type of Chemicals, Range Exposure

Data Set of log Kow,y and log Kawn Cell Type and Assay Conditions Period (h)
n=27 Fish RTgill-W1
Tanneberger et al. [38] lge;:jvll\ng)i&;lgféﬁ 24 “{Sl}) (};late 24
log Kawn = —10.5-0.31 FBS = 0%
n=13 Algae
Neutral organics 48 well plate
Dupraz et al. [39] log Kown = _g3.20_5.50 20 og 96
log Kgw = —13.3-—3.92 FBS = 0%
Human MCF7 and HEK293H
n=12 96 well plate
Huchthausen et al. [40] l\lljugal @) imflolg;z Z (9171 ) 37 °C 24
o N FBS = 10% (AREc32)
§ BAWN = = 1/6770. FBS = 2% (PPARY)
n=16 Fish RTgutGC
Neutral organics 24 well plate
Schug et al. [41] log Ko = 1.83-6.25 19°C 24
log Kqw N = —5.19-—0.69 FBS = 0%

Chemicals are classified as IOCs if an ionizable functional group is present.

The bulk medium or freely-dissolved concentration ratios (e.g., C24/C0) were taken
from the Supporting Information of Stadnicka-Michalak et al. [25] or calculated based
on information provided in the original studies. The initial nominal medium concen-
trations were based on dosing information reported in each study and are as follows,
(i) ‘metabolic activity” EC50s at t = 0 for Tanneberger et al. [38], (ii) measured concen-
trations at t = 0 for Dupraz et al. [39], (iii) nominal IC10s for cytotoxicity or activation
for Huchthausen et al. [40] and (iv) the lowest and highest nominal concentrations for
Schug et al. [41].

In the case of the high dose from Schug et al. [41], the initial nominal medium concen-
trations exceed or equal the water solubilities reported in the study for 9 of the 16 chemicals.
In the case of the low dose, the initial nominal medium concentration equals the water
solubility for 1 of the 16 chemicals. While dosing up to saturation is discussed in the OECD
guidance document on aqueous phase aquatic toxicity testing of difficult test chemicals [45],
some of the high doses are well above saturation (e.g., 40-fold greater than water solubility
reported for Muscenone® delta). Following from expectations based on log linear solubility
in the presence of cosolvents [46—48], the presence of DMSO at 0.5% (v/v) is not likely to be
sufficient to solubilize the chemical for some of the high dose experiments. In any case,
the dosing regime applied by Schug et al. is a complication from both an experimental
and modelling perspective for many of the test chemicals. For example, the measured
EC50s for Cachalox® and Muscenone® delta presented in the Supporting Information of
Schug et al. [41] are approximately 5-fold greater than the reported water solubilities. A
plausible explanation for these findings is that the test medium sampled from the wells
and used for chemical analysis contained undissolved (i.e., pure phase) chemicals.

2.6.1. Parameterization of Head Space Volume (V)

A perceived limitation of the equilibrium partitioning-based mass balance approach
is that volatilization from the test medium cannot be adequately accounted for. While it
is true that volatilization cannot be treated as a kinetic process in the IV-MBM EQP v2.0
tool, the inclusion of headspace as a compartment in the model allows for the chemical loss
out of the exposure medium. The possibility of significant sorption to adhesive materials
covering the top of the well plates has also been raised [13,24]. The challenge is to estimate
an appropriate volume of headspace to represent the test conditions and exposure duration.
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The minimum volume of headspace is the difference between the total volume of the well
plate and the volume of the test medium added. If V4 is defined this way, it implies that
the well is perfectly sealed and gas exchange with the surrounding air outside of the well
is not possible. Sorption to adhesive coverings is ignored as well. Increasing the volume of
headspace beyond the minimum value implies that gas exchange can occur either because
the well plate is left open or because leakage/gas exchange can occur. Although clearly a
simplification of reality, an enlarged volume of headspace can also be viewed as a proxy
for all three considerations (i.e., volatilization from medium into headspace, leakage to
surrounding air, sorption to an adhesive covering). These assumptions are most relevant
for relatively volatile chemicals with large air-water partition or distribution ratios (Kaw,
D aw). Note that we have also developed a time-variant version of the IV-MBM tool which
simulates volatilization explicitly as a kinetic process that will be described and evaluated
in a separate publication.

Simulations of the Tanneberger et al. [38] data were conducted under four assumptions
regarding the volume of headspace (V4), (i) the minimal value of V4, (ii) an HS multiplier
of 10, (iii) an HS multiplier of 50, and (iv) an HS multiplier of 100. This approach was
taken because the chemicals included in this study span a wide range of air-water partition
ratios including some relatively volatile chemicals. Simulations of the three other studies
were also conducted across a range of assumptions regarding headspace volume but the
evaluation focuses on the results obtained using the minimal value for V4.

2.6.2. Metrics of Model Performance (MB and MAE)

The performance of the model was assessed using model bias (MB), mean absolute
error (MAE), and by calculating the coefficient of determination (r?). MB and MAE are
calculated as shown below.

P
MB = L logg (12)
n
Y. ABS(logZ
MAE = n<o) (13)

where P is a predicted value, O is an observed value and n is the number of comparisons.
For ease of interpretation, MB and MAE are also expressed as Factors of Agreement
(FoA) i.e., 10MB and 10MAE, Coefficients of determination (r?) are calculated following the
standard approach.

2.7. llustrative Model Application (ToxCast Assays/EFp)

The IV-MBM EQP v2.0 tool was parameterized to match the test conditions of two Tox-
Cast assays, AEID 767 (TOX21_Aromatase_Inhibition) and AEID 1325 (TOX21_p53_BLA_p4
_ratio). Both tests are conducted in 1536 well plates but vary in the volume fraction of FBS
present in the medium (0.5% and 10%). The details of the model parameterizations are
documented in the Supplementary Material (Section S5).

Physical-chemical property data were compiled for chemicals on Canada’s Domestic
Substances List (DSL) with reported AC50s (“Active Hits”). The model was then applied to
simulate the distribution of the DSL chemicals in both assays with a focus on the estimated
EQP blood concentrations and enrichment factors (EFp) described above. The frequencies
of chemicals with the “volatility issue” (2/3 of chemical mass in headspace), “solubility
issue” (freely-dissolved concentration > water solubility after distribution), and predicted
cellular or membrane concentrations in the range of baseline toxicity (e.g., membrane
concentrations greater than 20-60 mM) [34] are also tabulated and presented below.

3. Results
3.1. Model Performance for the Tanneberger et al. Data Set

The model performance of the IV-MBM EQP v2.0 for the Tanneberger et al. [38] data
set is summarized in Table 2 and Figure 1. One chemical (permethrin, log Kow = 6.5, water
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solubility = 0.006 mg/L) was excluded from this evaluation set because the medium was
predicted to be supersaturated (i.e., water solubility exceeded and pure phase chemical ex-
pected) at the nominal EC50 reported (9 mg/L) even after redistribution of the administered
dose to various phases in the test system.

Table 2. Model performance (Factor of Agreement, FoA) of the IV-MBM EQP v2.0 using Tanneberger et al. [38] dataset
under various assumptions regarding the effective volume of headspace (HS multiplier) and sorption to plastic (spLFER).

IV-MBM EQP v2.0 Model Assumptions Pw}g PI%}E 2
10M 10
“Non-volatiles only” (log Kaw or log Daw < —4.0)
Fischer et al. plastic spLFER
HS Multiplier = 1 084 127 081
Kramer plastic spLFER
HS Multiplier = 1 096 121 083
All Chemicals
Fischer et al. plastic spLFER
HS Multiplier = 1 1.33 1.89 0-54
Fischer et al. plastic spLFER
HS Multiplier = 10 117 167 0.71
Fischer et al. plastic spLFER
HS Multiplier = 50 098 1.59 0.82
Fischer et al. plastic spLFER
HS Multiplier = 100 088 165 086
All Chemicals
Kramer plastic spLFER
HS Multiplier =1 1.58 2.03 041
Kramer plastic spLFER
HS Multiplier = 10 137 177 0.63
Kramer plastic spLFER
HS Multiplier = 50 L 1.64 081
Kramer plastic spLFER 0.99 1.69 0.86

HS Multiplier = 100

HS = Headspace, MB = Model bias (Equation (12)), MAE = Mean Absolute Error (Equation (13)).

12 . . - 12 .
Fischer et al. plastic spLFER Kramer plastic spLFER
10 o 0 ’.,3(“ 10 o oo(,:qo‘-
,6. . P 4
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3 L~ S ] .~
o
= 06 = 06 F °
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3 ¢ . . % .
& 04 . 04 | g
o © %6 e
o . -
0s 1° <70 * r2=0.82 oo | ° r2=0.81
’ - 10MB = 0.98 ’ P 10M8 = 1.11
b 10MAE = 1 59 . 10MAE = 1.64
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Figure 1. Model performance for the updated IV-MBM EQP v2.0 tool using Tanneberger et al. [38] dataset assuming a
50-fold larger effective volume of headspace and the two spLFERs for sorption to plastic.
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As shown in Table 2, the performance of the IV-MBM EQP v2.0 tool for the “non-
volatiles” (i.e., log Kaw or log Daw < —4.0), is satisfactory assuming the minimal headspace
volume (V4). For both assumptions for plastic-water partitioning, the r? is greater than
0.80 and the MAE corresponds to a Factor of Agreement (FoA) of approximately 1.3. The
performance of the tool for the “volatiles” is poorer under the assumption of minimal
V4 but improves greatly as the volume of headspace is increased. The r? assuming an
HS multiplier of 50 and 100 exceed 0.80 and the MAE corresponds to FoA of less than
two. These results suggest that leakage into surrounding air and/or sorption to the well
plate covering occurred to a substantial extent during the course of the experiment for the
“volatile” chemicals. Model performance is similar across the two assumptions regarding
sorption to plastic. These results partly reflect the fact that the majority of the test chemicals
are either relatively hydrophilic (log Kown < 2) or fall within the log Kow n range where
predicted log Kpyyy are relatively similar. Given the uncertainties inherent to both the model
parameterization and measurements, the application of the IV-MBM EQP v2.0 tool to
simulate both “non-volatiles” and “volatiles” is deemed acceptable. In particular, it is
important to reiterate that no empirical biopartitioning estimates were used to parameterize
the model and hence all calculations are based on the minimal set of inputs and the default
approaches to estimate all required parameter values.

3.2. Model Performance for the Dupraz et al. and Huchthausen et al. Data Sets

The performance of the IV-MBM EQP v2.0 tool for the Dupraz et al. [39] and
Huchthausen et al. [40] datasets are presented in Figure 2. The performance for the Dupraz
et al. [39] data is comparable to the performance for the “non-volatiles” from the Tan-
neberger et al. data set (i.e., r* equal to or greater than 0.8 and MAE corresponding to
an FoA of 1.5). As with the Tanneberger et al. application, model performance is similar
using the Kramer spLFER or Fischer et al. spLFER to estimate plastic-water partitioning.
These results again reflect the fact that the majority of the test chemicals are either hy-
drophilic (log Kown < 2) or fall within the log Kow ny range where predicted log Kpjyy are
relatively similar.

12 ¢ .
; . 12 . .
Fischer etal. Dupraz et al. data ) Fischeretal.  Huchthausen et al. data
 =0.80 =075 o~
10 }10M6 =0.77 o Q" o 10 }10M8 =052
MAE — °© - Q g
R 10 =1.41 ,-'% 10MAE = 2 38 o’ *]
Sos | e 0. e 508 | P ©
o 3 o - .
3] . . 3
%] e O -
& 06 o ©06 .-
o] -~ k]
E - [ ] 1Ty o
° e a o,
Soat . & 04 0
o o .
< e ° Kramer Q o }érfmer
0z 1 - oe 2 =0.84 0z | o r l—wao__TS
10M8 = 1 07 Y o 10M9=0.53
* 10V = 1.04 A 10MAF = 2.37
0.0 2 L L L L y = 0 y 00 Lk L O, L O 1 L y
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Figure 2. Model performance for the updated IV-MBM EQP v2.0 tool using Dupraz et al. [39] dataset (left panel, neutral
organics) and Huchthausen et al. [40] dataset (right panel, IOCs) using the two spLFERs for sorption to plastic.

The performance of the IV-MBM EQP v2.0 tool for the Huchthausen et al. [40] IOCs
is not as good as for the neutral organics but the r? is still greater than 0.7 and MAE
corresponds to an FoA of approximately 2.5. Note that these simulations were conducted
using the empirical membrane-water and serum albumin-water partitioning data reported
by the authors in that publication. The performance of the model using the default spLFERs
to estimate these parameters from octanol-water partitioning (i.e., Kown — Kywn and
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Ksaw ) and scaling factors (e.g., Knywn — Kpywr) is substantially worse (data not shown).
These results speak to the challenges of estimating the sorption behavior of charged
organic molecules using single parameter regression-based approaches, especially for
serum albumin (see e.g., [40,49]). Even with empirical data for biopartitioning, there can
be substantial discrepancies between the measurements and model predictions.

A good example of this is for naproxen (empirical log Dy = 2.17, empirical log Dg,yy = 5.21).
The measured C24/CO0 ratios (i.e., IC; free /IC10,nom) for this compound are approximately
0.75 and 0.26 in the AREc32 and PPARY test systems respectively whereas the predicted
ratios are 0.003 and 0.02 respectively. Not only are the predicted ratios well below the
reported values, the trend with FBS volume fraction is opposite. These observations are
difficult to rationalize beyond speculating about the non-linear sorption behavior of this
IOC in the test system. The discrepancy between modeled and measured C24/C0 ratios
(IC10,free /IC10,nom) is likely driven by the relatively large value of the serum albumin
distribution ratio which results in a large fraction of the chemical predicted to be sorbed to
this phase. The implications for the extrapolation to equivalent EQP blood concentration
or OED are unclear because the accuracy of the modeled cell concentrations cannot be
ascertained. However, the lower freely-dissolved fraction (i.e., bioavailability) predicted by
the model suggests that the extrapolated values would be conservatively assuming that
the empirical freely-dissolved and cell concentrations and scale linearly and similarly to
the predictions. Although the performance of the IV-MBM EQP v2.0 tool for IOCs is not
as good as for neutral organics, the r* and MAE are still reasonable for many compounds.
Greater confidence in model output can be achieved using empirical biopartitioning data
but clearly substantial uncertainties remain. More experimental data are needed but are
unlikely to completely resolve the issues with simulating the more complex sorption
behavior of IOCs in in vitro test systems.

3.3. Model Performance for the Schug et al. Data Set

The performance of the IV-MBM EQP v2.0 tool for the Schug et al. data set [41] is
presented in Figure 3. As shown in Figure 3, the performance of the IV-MBM EQP v2.0
tool for the Schug et al. data is the worst of the four evaluations. For example, the r?
is below 0.7 and the MAE corresponds to a FoA approaching three regardless of model
assumptions. The predicted C24/C0 ratios generally overestimate the degree of medium
depletion (i.e., sorption to plastic and cells, volatilization) with the measurements indicating
a greater fraction of chemical added remaining in the bulk medium. Model performance
is similar for the “High Dose” and “Low Dose” scenarios and there are no significant
differences in model output across the two assumptions for plastic-water partitioning.
The amount of chemical predicted to be volatilized into the headspace does not explain
the discrepancies for most of the instances where the model underestimates the C24/C0
ratio. For example, the predicted C24/C0 ratios for Cetalox® and Cachalox® across all HS
multiplier scenarios are approximately 0.14 and 0.20 respectively whereas the reported
ratios are 0.72 and 0.68 respectively. Formation of pure phase chemical (non-aqueous
phase liquid or precipitates) and subsequent re-dissolution as the available freely-dissolved
fraction is depleted via sorption to plastic and cells cannot be simulated by an EQP model.
Since it is unclear at which dose the C24/CO0 ratios were measured by Schug et al. and some
of the empirical C24/CO0 ratios exhibit inconsistent trends with partitioning properties (see
Supplementary Material, Figure S1, Section S6), no further discussion of these results is
included here. Initial doses above the water solubility limit are not ideal and the poorer
performance of the IV-MBM EQP v2.0 model appears to be specific to this set of chemicals
and experimental conditions.
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Figure 3. Model performance for the updated IV-MBM EQP v2.0 tool using Schug et al. [41] dataset for the “High” and
“Low” Dose scenario (left panel) and dosing regime indicating the chemicals and instances of initial nominal concentrations

exceeding the reported water solubilities (right panel).

3.4. lllustrative Model Application (Baseline Toxicity and EFp)
The number of DSL chemicals with AC50s in the AEID767 and AEID1325 ToxCast

assays exhibiting the “volatility issue”, “solubility issue” and approaching the membrane
concentration associated with baseline toxicity is summarized in Table 3. The predicted

EFp as a function of hydrophobicity is presented in Figure 4.

a7

Table 3. Number of compounds with “volatility issue”, “solubility issue” and predicted membrane
concentrations (Cpsppr) consistent with baseline toxicity for DSL chemicals with AC50s in the ToxCast
AEID 767 and AEID 1325 assays.

AEID “Volatility “Solubility Predicted Cpepyr Predicted Cyenm
Issue” Issue” > 20 mM > 60 mM
767 4/329 13/329 145/329 76/329
1325 1/217 14/217 86/217 60/217

As shown in Table 3, relatively few DSL compounds with reported AC50s for the
AEID767 and AEID1325 assay exhibit the “volatility issue” (~1% or less) or “solubility
issue” (~6.5% or less). The “solubility issue” occurs for more hydrophobic chemicals and is
a familiar problem to those conducting aquatic toxicity testing with “difficult substances”
(e.g., [45]). Cosolvents at the typical volume fraction (<1% v/v) are insufficient to solubilize
the chemical once it is in the medium-cosolvent mixture, as can be predicted using log-
linear solvation models. The influence of the presence of “pure phase” chemical on toxicity
metrics is unclear but certainly, such instances should be subject to additional scrutiny.

Several in vivo and in vitro bioactivity /toxicity studies have demonstrated that mem-
brane concentrations in the range of approximately 20-200 mM correspond with the base-
line toxicity Mode of Action (MOA) (e.g., [34,50-52]). For in vitro testing, this phenomenon
is also sometimes referred to as the “cytotoxic burst” [53]. The frequency with which the
AC50s for the DSL chemicals in the AEID767 and AEID1325 assay correspond to membrane
concentrations approaching the baseline toxicity range is relatively high. For example,
approximately 40-45% and 23-28% of the AC50s correspond to a predicted membrane
concentration greater than 20 mM and 60 mM respectively. The occurrence of baseline
toxicity may be a true indicator of a chemical’s MOA or reflect a lack of sensitivity in the
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particular assay. Accordingly, some caution is required when interpreting these model
outputs in the context of MOA. Nevertheless, the predicted membrane concentrations can
still be used in a binary classification system (e.g., “apparent baseline toxicant” or “more
potent MOA”) and included in a hazard assessment utilizing available in vivo toxicity data
and other in silico lines of evidence.
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Figure 4. Log ratios of the predicted equivalent EQP blood concentrations and nominal AC50s (log EFg) for DSL chemicals
with “Active Hits” in the ToxCast AEID 767 (n = 329, FBS = 10%, left panel) assay and ToxCast AEID 1325 assay (n = 217,

FBS = 0.5%, right panel).

As can be seen in Figure 4, there is a strong relationship between hydrophobicity and
predicted equivalent EQP blood concentrations and Enrichment Factors (EFg). The EFps
approach a value of approximately 50 in the AEID767 assay (FBS = 10%) and 100 in the
AEID1325 assay (FBS = 0.5%). The neutral organic chemicals follow a consistent trend with
hydrophobicity with EFps around 1 for chemicals with log Kow less than approximately
two. The EFp increases steadily for chemicals with log Kow from 2-8 after which the
upper plateau value is reached. Because we did not distinguish between acidic IOCs
that are weakly and predominantly charged, the trend of EFp vs. hydrophobicity has
two peaks. The weakly dissociated acidic IOCs follow the trend line for neutral organics
whereas the peak EFp for the predominantly charged acidic IOCs is shifted to the left
(i.e., occur at a lower log Dow@pH 7.4). The basic IOCs also include weakly and more
strongly dissociated chemicals and therefore do not follow the same trend as the neutral
organics. Note that some of the EFps fall off the general trend line shown in Figure 4. These
instances are for chemicals with the “solubility issue” i.e., freely-dissolved concentration
above water solubility after distribution. These results may reflect the actual behavior of
the chemical in the test system or errors in the water solubility estimate, many of which are
predicted values.

Implications of Illustrative Model Application

The general implications for using nominal concentrations or model estimated con-
centrations for interpreting and applying bioactivity assay results are briefly summarized.
For neutral organic chemicals with log Kow < 2 or IOCs with log Dow@pH7.4 < 0, the
EQP Cp and AC50s are comparable, and hence minimal bias is introduced to the reverse
dosimetry exercise described above. As hydrophobicity increases, the AC50 increasingly
underestimates the blood concentration consistent with the exposure where the bioactiv-
ity or toxicity is observed in the cells in in vitro test system. While the bias that occurs
when using the administered (assumed) nominal concentration could be viewed as ‘con-
servative’ for risk-based prioritization exercises (i.e., resulting in a lower predicted OED),
comparisons to in vivo toxicity data are confounded and therefore potentially misleading.
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Exploring the implications of this apparent bias is outside the scope of the current study
but is considered a priority for future research.

4. Discussion

The main objective of this study was to describe, apply and evaluate the IV-MBM EQP
v2.0 model to demonstrate its use for interpreting and applying in vitro bioactivity and
toxicity data. As described above, the performance of the model is acceptable for “non-
volatile” and “volatile” neutral organics if allowances for a leakage into the surrounding
air and/or sorption to a well plate covering are included. Whereas the performance of
the model for IOCs was not as good, the larger bias in model output reflects challenges
with accurately parameterizing the model to capture more complex partitioning behaviors.
Considering the amount of information provided by the IV-MBM EQP v2.0 model (e.g.,
concentrations, masses and mass fractions in all phases, frequency of “solubility” and
“volatilization” issues), the ability to rapidly assess multiple chemicals (i.e., batch mode)
and its relatively simple user interface in the Excel-based or EAS-E Suite implementations,
more routine use of the IV-MBM tool is recommended. Depending on availability and
suitability, any of the other in vitro distribution models published in the literature could
also be considered. See Proenca et al. [24] for a recent review and comparison of features
and functionalities of the various tools.

Besides retrospective analyses of available in vitro toxicity data, it is also important
to recognize that the IV-MBM EQP v2.0 model can be used prospectively to support the
selection of appropriate doses for testing purposes (i.e., “in silico range finding”). For
example, the potential for “solubility issues” to occur during testing of more hydrophobic
chemicals could be reduced by simulating the distribution of the chemical across the
proposed dosing regime to quantify when water solubilities are predicted to be exceeded.
Because all key characteristics of the test system (e.g., well plate size, volume of medium,
cell seeding density, FBS volume fraction) can readily be changed by the user, the IV-MBM
EQP v2.0 model is extremely valuable when designing in vitro bioactivity or toxicity testing.
Using the IV-MBM EQP v2.0 model to support experimental design could substantially
improve data quality and save resources (time and money).

The illustrative model application has also demonstrated the potential utility of the
IV-MBM EQP v2.0 model for MOA classification, reverse dosimetry, and other IVIVE
applications of interest to the regulatory and scientific community. Given that in vitro
data are expected to be increasingly relied upon in the future and experimental dose
confirmation is rarely feasible, the benefits of applying mass balance models should be
recognized and tools such as the IV-MBM EQP v2.0 must be freely available to facilitate their
use more broadly across the scientific and regulatory community. Note that quantitative
IVIVE can be conducted using several of the dose metrics generated by the IV-MBM EQP
model (e.g., freely-dissolved concentration, cellular concentration, cellular enrichment
factor, equivalent EQP blood concentration). The key requirement for comparisons to
in vivo data is that both response metrics are expressed on a similar basis (i.e., “apples
to apples”).

Although the results of the model evaluation for the four data sets included herein are
encouraging, it is important to recognize and reiterate the limitations of the IV-MBM EQP
v2.0 model which fall broadly into two main categories, (i) model formulation/applicability
domain and (ii) data availability for model parameterization. The IV-MBM EQP v2.0 model
assumes that instantaneous equilibrium (i.e., equivalent chemical activity) is achieved
between all phases included in the mass balance and can only be applied to single-dose
scenarios. Measurements using neutral organic chemicals across a range of hydrophobicity
indicate that equilibrium is approached within 24 h (e.g., [54]) and hence this concern may
only be relevant for short duration tests (1-6 h). Cellular uptake of predominantly charged
I0Cs and quaternary ammonium compounds is slower than for neutral organics and may
require more time to approach equilibrium however.
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The bioactivity or toxicity elicited during the test is assumed to occur at the equilibrium
concentration in the cell and hence responses that may occur at lower concentrations could
be obscured. Degradation of the chemical in the test medium or biotransformation by cells
cannot be accounted for in the calculations and hence the model output becomes more
unreliable as these processes become increasingly influential on the overall mass balance. In
other words, the reliability of the IV-MBM EQP v2.0 model output is expected to decrease as
the overall persistence of the chemical in the test system decreases. The biotransformation
capacities of a few cell lines have been investigated (e.g., primary hepatocytes, HepG2,
HepaRG, [55-57]) but in general data for model parameterization are lacking. Also note
that the overall persistence of the chemical in the test system is a function not just of a
chemical’s susceptibility to abiotic (e.g., hydrolysis) and cell-mediated reactions but also
the distribution of the chemical in the test system.

Changes to system characteristics and cellular parameters (e.g., proximate composi-
tion, growth) over time also cannot be explicitly included in IV-MBM EQP v2.0 calculations.
The relevance of model limitations and uncertainties related to the equilibrium partitioning
assumption can be assessed by applying time-variant distribution models (e.g., [17,22])
and a publication describing a such version of the IV-MBM model is forthcoming. Finally,
although the IV-MBM EQP v2.0 model explicitly includes the phases typically deemed most
relevant (e.g., headspace, serum lipid, serum albumin, vessel walls, cells), other phases
such as other dissolved organics (e.g., amino acids), extracellular matrix (ECM), adhesive
well plate coverings and vessel wall coatings (e.g., poly-d-lysine) may be important and
warrant inclusion in some instances. Resources would have to be dedicated to quantifying
these partitioning behaviors and then deriving reliable estimation approaches to facilitate
their inclusion in the model.

The other critical factor limiting the application of the IV-MBM EQP v2.0 model (and
all other in vitro distribution models) is the lack of data required for model parameter-
ization. For example, cellular volumes and proximate compositions (i.e., lipid, protein,
water content) have been published in the peer-reviewed literature for only a few of
the many hundreds of cell lines used in in vitro testing (e.g., MCF7, HCT116, HEK293T,
HepG2) [20,36,37]. In vitro tests using 3D cell configurations (e.g., spheroids) are becom-
ing more common and their properties also need to be better characterized to support
model parameterization. Similarly, with a few exceptions (e.g., DMEM), the compositions
and sorption capacities of the various cell culture media used are not well characterized.
Likewise, the potential variability in the lipid and protein content of sera added to in vitro
systems across different species, batches, and commercial providers are unclear. Given that
the equilibrium distribution of organic chemicals in in vitro test systems is essentially a
function of the volume of each phase and its sorption capacity, these data gaps represent a
challenge to the application of these models for quantitative IVIVE. With respect to sorption
to plastic, the comparisons between the spLFERs given in the Supplementary Material
(Section S2) demonstrate that differences in predicted partition ratios can sometimes occur
e.g., for neutral organics with log Ko from 2—4 and log Kow > 7.5 and may influence model
performance. While these spLFERs are derived from chemicals covering a reasonable range
of partitioning properties, the data sets are relatively small, and additional measurements
would still be valuable (irrespective of the model evaluations presented herein).

Although many aspects of the model parameterization mentioned above can be
addressed by relatively simple measurements, there still needs to be a coordinated and
systematic effort to generate, compile and publish such data. Although routine, these
measurements are needed to support the quantitative extrapolation of in vitro test data.
Characterization and standardization of test protocols for in vitro tests deemed regulatory
priorities would be beneficial but will not do much to facilitate the further interpretation
of the huge amount of in vitro data reported online and in the scientific literature using
nominal concentrations. Concurrently, more systematic efforts to evaluate the performance
of the available in vitro distribution models are necessary, particularly for predominantly
charged IOCs. Further case studies for “non-volatile” and “volatile” neutral organics would
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also be valuable to increase confidence in available models and possibly support additional
modifications to address issues identified during the empirical work and model evaluation
exercise. This research effort will also require a substantial amount of coordination and
funding but ultimately seems vital to facilitate the regulatory use and acceptance of the
quantitative extrapolation of in vitro data for hazard assessment, risk assessment, and
chemical management. The assessments and conclusions reached using the quantitative
IVIVE of in vitro data can then be combined with other lines of evidence to support
regulatory decision-making.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/ toxics9110315/s1, Section S1: Additional details on the IV-MBM EQP v2.0 tool, Section S2:
Comparison of spLFERs for predicting sorption to plastic (log Kpy), Section S3: Blood-water and plasma-
water partitioning, Section S4: Additional details on model evaluation data sets, Section S5: Additional
details on illustrative model application. Section S6: Relationships between partitioning properties and
empirical C24/CO0 ratios for Schug et al., Section S7: IV-MBM EQP v2.0-Phys-Chem Inputs.

Author Contributions: Conceptualization, ] M.A. and ].A.A.; methodology, ] M.A., AS.and ] A.A,;
software, ] M.A., A.S.,, RP. and A.B.L,; validation, ] M.A., A.S. and R.P; formal analysis and investiga-
tion, .M. A., writing—original draft preparation, ].M.A., writing—review and editing, ] M.A., A.S.
and J.A.A,, funding acquisition, J.A.A. All authors have read and agreed to the published version of
the manuscript.

Funding: We acknowledge funding from various projects that were leveraged to advance the
development, implementation, and evaluation of the IV-MBM V2.0 tool over the past five years
including support from the American Chemistry Council Long-Range Research Initiative (ACC-LRI),
Unilever, and Health Canada (Government of Canada).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The Excel/VBA version of the IV-MBM Ver.2.0 model is freely available
from https:/ /arnotresearch.com/models/. The R/EAS-E Suite implementation can be freely accessed by
registering for the online application at the following website: https://arnotresearch.com/eas-e-suite/.
Requests for the computer code developed for both implementations of the IV-MBM Ver.2.0 model
will be considered on an individual basis and subject to agreements regarding its further use or
dissemination to other parties.

Conflicts of Interest: The authors declare no potential conflicts of interest with respect to the research
strategy, authorship, and/or publication of this article.

References

1.

Dix, D.J.; Houck, K.; Martin, M.; Richard, A.M.; Setzer, R.; Kavlock, R.J. The ToxCast Program for Prioritizing Toxicity Testing of
Environmental Chemicals. Toxicol. Sci. 2006, 95, 5-12. [CrossRef]

Judson, R.; Houck, K.; Kavlock, R.J.; Knudsen, T.B.; Martin, M.; Mortensen, H.M.; Reif, D.; Rotroff, D.; Shah, I.; Richard, A.M.; et al.
In Vitro Screening of Environmental Chemicals for Targeted Testing Prioritization: The ToxCast Project. Environ. Heal. Perspect.
2010, 118, 485-492. [CrossRef] [PubMed]

Vaes, W.H.].; Ramos, E.U.; Verhaar, H.].M.; Seinen, A.W.; Hermens, ].L.M. Measurement of the Free Concentration Using
Solid-Phase Microextraction: Binding to Protein. Anal. Chem. 1996, 68, 4463-4467. [CrossRef]

Giilden, M.; Seibert, H. Influence of protein binding and lipophilicity on the distribution of chemical compounds in in vitro
systems. Toxicol. In Vitr. 1997, 11, 479-483. [CrossRef]

Vaes, W.H.].; Ramos, E.U.; Hamwijk, C.; van Holsteijn, I.; Blaauboer, B.J.; Seinen, W.; Verhaar, H.].M.; Hermens, J.L.M. Solid
Phase Microextraction as a Tool To Determine Membrane /Water Partition Coefficients and Bioavailable Concentrations in in
vitro Systems. Chem. Res. Toxicol. 1997, 10, 1067-1072. [CrossRef] [PubMed]

Giilden, M.; Mérchel, S.; Seibert, H. Factors influencing nominal effective concentrations of chemical compounds in vitro: Cell
concentration. Toxicol. In Vitr. 2001, 15, 233-243. [CrossRef]

Giilden, M.; Morchel, S.; Tahan, S.; Seibert, H. Impact of protein binding on the availability and cytotoxic potency of organochlorine
pesticides and chlorophenols in vitro. Toxicology 2002, 175, 201-213. [CrossRef]

Seibert, H.; Morchel, S.; Giilden, M. Factors influencing nominal effective concentrations of chemical compounds in vitro: Medium
protein concentration. Toxicol. In Vitr. 2002, 16, 289—297. [CrossRef]


https://www.mdpi.com/article/10.3390/toxics9110315/s1
https://www.mdpi.com/article/10.3390/toxics9110315/s1
https://arnotresearch.com/models/
https://arnotresearch.com/eas-e-suite/
http://doi.org/10.1093/toxsci/kfl103
http://doi.org/10.1289/ehp.0901392
http://www.ncbi.nlm.nih.gov/pubmed/20368123
http://doi.org/10.1021/ac960337c
http://doi.org/10.1016/S0887-2333(97)00042-8
http://doi.org/10.1021/tx970109t
http://www.ncbi.nlm.nih.gov/pubmed/9348427
http://doi.org/10.1016/S0887-2333(01)00008-X
http://doi.org/10.1016/S0300-483X(02)00085-9
http://doi.org/10.1016/S0887-2333(02)00014-0

Toxics 2021, 9, 315 17 of 18

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Giilden, M.; Seibert, H. In vitro—in vivo extrapolation: Estimation of human serum concentrations of chemicals equivalent to
cytotoxic concentrations in vitro. Toxicology 2003, 189, 211-222. [CrossRef]

Heringa, M.B.; Schreurs, RH.M.M.; Busser, F.; Van Der Saag, P.T.; Van Der Burg, B.; Hermens, ].L.M. Toward More Useful In Vitro
Toxicity Data with Measured Free Concentrations. Environ. Sci. Technol. 2004, 38, 6263-6270. [CrossRef]

Giilden, M.; Seibert, H. Impact of bioavailability on the correlation between in vitro cytotoxic and in vivo acute fish toxic
concentrations of chemicals. Aquat. Toxicol. 2005, 72, 327-337. [CrossRef]

Gilden, M; Dierickx, P.; Seibert, H. Validation of a prediction model for estimating serum concentrations of chemicals which are
equivalent to toxic concentrations in vitro. Toxicol. In Vitr. 2006, 20, 1114-1124. [CrossRef] [PubMed]

Schreiber, R.; Altenburger, R.; Paschke, A.; Kiister, E. How To Deal With Lipophilic And Volatile Organic Substances In Microtiter
Plate Assays. Environ. Toxicol. Chem. 2008, 27, 1676-1682. [CrossRef]

Kramer, N.I. Measuring, Modeling, and Increasing the Free Concentration of Test Chemicals in Cell Assays; University of Utrecht:
Utrecht, The Netherlands, 2010.

Tanneberger, K.; Rico-Rico, A.; Kramer, N.I; Busser, FJ.M.; Hermens, ].L.M.; Schirmer, K. Effects of Solvents and Dosing Procedure
on Chemical Toxicity in Cell-Based in vitro Assays. Environ. Sci. Technol. 2010, 44, 4775-4781. [CrossRef] [PubMed]

Fischer, E.C.; Henneberger, L.; Schlichting, R.; Escher, B.I. How To Improve the Dosing of Chemicals in High-Throughput in vitro
Mammalian Cell Assays. Chem. Res. Toxicol. 2019, 32, 1462-1468. [CrossRef]

Zaldivar, ].M.; Mennecozzi, M.; Macko, P; Rodrigues, R.; Bouhifd, M.; Baraibar, J. A Biology-Based Dynamic Approach for the
Modelling of Toxicity in Cell Assays: Part 11: Models for Cell Population Growth and Toxicity; European Commission; Joint Research
Centre, Institute for Health and Consumer Protection: Ispra, Italy, 2011.

Armitage, ] M.; Wania, E,; Arnot, J. Application of Mass Balance Models and the Chemical Activity Concept To Facilitate the Use
of in Vitro Toxicity Data for Risk Assessment. Environ. Sci. Technol. 2014, 48, 9770-9779. [CrossRef] [PubMed]

Comenges, J.Z.; Joossens, E.; Benito, ].S.; Worth, A.; Paini, A. Theoretical and mathematical foundation of the Virtual Cell Based
Assay — A review. Toxicol. In Vitr. 2017, 45, 209-221. [CrossRef]

Fischer, EC.; Henneberger, L.; Konig, M.; Bittermann, K.; Linden, L.; Goss, K.-U.; Escher, B.I. Modeling Exposure in the Tox21 in
Vitro Bioassays. Chem. Res. Toxicol. 2017, 30, 1197-1208. [CrossRef] [PubMed]

Graepel, R.; Lamon, L.; Asturiol, D.; Berggren, E.; Joossens, E.; Paini, A.; Prieto, P.; Whelan, M.; Worth, A. The virtual cell based
assay: Current status and future perspectives. Toxicol. Vitr. 2017, 45, 258-267. [CrossRef]

Paini, A.; Mennecozzi, M.; Horvat, T.; Gerloff, K.; Palosaari, T.; Benito, ].S.; Worth, A. Practical use of the Virtual Cell Based Assay:
Simulation of repeated exposure experiments in liver cell lines. Toxicol. In Vitr. 2017, 45, 233-240. [CrossRef]

Fisher, C.; Siméon, S.; Jamei, M.; Gardner, I.; Bois, Y. VIVD: Virtual in vitro distribution model for the mechanistic prediction of
intracellular concentrations of chemicals in in vitro toxicity assays. Toxicol. In Vitr. 2019, 58, 42-50. [CrossRef] [PubMed]
Proenga, S.; Escher, B.I; Fischer, E.C.; Fisher, C.; Grégoire, S.; Hewitt, N.J.; Nicol, B.; Paini, A.; Kramer, N.I. Effective exposure
of chemicals in in vitro cell systems: A review of chemical distribution models. Toxicol. In Vitr. 2021, 73, 105133. [CrossRef]
[PubMed]

Stadnicka-Michalak, J.; Bramaz, N.; Schonenberger, R.; Schirmer, K. Predicting exposure concentrations of chemicals with a wide
range of volatility and hydrophobicity in different multi-well plate set-ups. Sci. Rep. 2021, 11, 1-14. [CrossRef]

Casey, WM.; Chang, X.; Allen, D.G.; Ceger, P.C.; Choksi, N.Y.; Hsieh, J.-H.; Wetmore, B.A.; Ferguson, S.S.; DeVito, M.J.;
Sprankle, C.S.; et al. Evaluation and Optimization of Pharmacokinetic Models for In Vitro to In Vivo Extrapolation of Estrogenic
Activity for Environmental Chemicals. Environ. Heal. Perspect. 2018, 126, 097001. [CrossRef] [PubMed]

Schmitt, W. General approach for the calculation of tissue to plasma partition coefficients. Toxicol. In Vitr. 2008, 22, 457-467.
[CrossRef]

MacIntyre, A.C.; Cutler, D.J. The potential role of lysosomes in tissue distribution of weak bases. Biopharm. Drug Dispos. 1988, 9,
513-526. [CrossRef] [PubMed]

Daniel, W.A.; Wojcikowski, J. Contribution of Lysosomal Trapping to the Total Tissue Uptake of Psychotropic Drugs. Pharmacol.
Toxicol. 1997, 80, 62-68. [CrossRef] [PubMed]

Schwarzenbach, R.P.; Gschwend, PM.; Imboden, D.M. Environmental Organic Chemistry; Wiley: Hoboken, NJ, USA, 2002.
Fischer, F.C.; Cirpka, O.A.; Goss, K.-U.; Henneberger, L.; Escher, B.I. Application of Experimental Polystyrene Partition Constants
and Diffusion Coefficients to Predict the Sorption of Neutral Organic Chemicals to Multiwell Plates in in Vivo and in Vitro
Bioassays. Environ. Sci. Technol. 2018, 52, 13511-13522. [CrossRef]

Wetmore, B.A.; Wambaugh, J.; Ferguson, S.S.; Sochaski, M.A.; Rotroff, D.; Freeman, K.; Clewell, H.].; Dix, D.J.; Andersen, M.;
Houck, K; et al. Integration of Dosimetry, Exposure, and High-Throughput Screening Data in Chemical Toxicity Assessment.
Toxicol. Sci. 2011, 125, 157-174. [CrossRef]

Endo, S.; Brown, T.N.; Goss, K.-U. General Model for Estimating Partition Coefficients to Organisms and Their Tissues Using
the Biological Compositions and Polyparameter Linear Free Energy Relationships. Environ. Sci. Technol. 2013, 47, 6630—-6639.
[CrossRef]

Escher, B.I; Glauch, L.; Kénig, M.; Mayer, P; Schlichting, R. Baseline Toxicity and Volatility Cutoff in Reporter Gene Assays Used
for High-Throughput Screening. Chem. Res. Toxicol. 2019, 32, 1646-1655. [CrossRef] [PubMed]

R Core Team. R: A Language and Environment for Statistical Computing; R Core Team: Vienna, Austria, 2021; Available online:
http:/ /r.meteo.uni.wroc.pl/web/packages/dplR/vignettes/intro-dplR.pdf (accessed on 30 September 2021).


http://doi.org/10.1016/S0300-483X(03)00146-X
http://doi.org/10.1021/es049285w
http://doi.org/10.1016/j.aquatox.2005.02.002
http://doi.org/10.1016/j.tiv.2006.02.002
http://www.ncbi.nlm.nih.gov/pubmed/16580813
http://doi.org/10.1897/07-504.1
http://doi.org/10.1021/es100045y
http://www.ncbi.nlm.nih.gov/pubmed/20499932
http://doi.org/10.1021/acs.chemrestox.9b00167
http://doi.org/10.1021/es501955g
http://www.ncbi.nlm.nih.gov/pubmed/25014875
http://doi.org/10.1016/j.tiv.2016.07.013
http://doi.org/10.1021/acs.chemrestox.7b00023
http://www.ncbi.nlm.nih.gov/pubmed/28316234
http://doi.org/10.1016/j.tiv.2017.01.009
http://doi.org/10.1016/j.tiv.2016.10.007
http://doi.org/10.1016/j.tiv.2018.12.017
http://www.ncbi.nlm.nih.gov/pubmed/30599189
http://doi.org/10.1016/j.tiv.2021.105133
http://www.ncbi.nlm.nih.gov/pubmed/33662518
http://doi.org/10.1038/s41598-021-84109-9
http://doi.org/10.1289/EHP1655
http://www.ncbi.nlm.nih.gov/pubmed/30192161
http://doi.org/10.1016/j.tiv.2007.09.010
http://doi.org/10.1002/bod.2510090602
http://www.ncbi.nlm.nih.gov/pubmed/3067757
http://doi.org/10.1111/j.1600-0773.1997.tb00285.x
http://www.ncbi.nlm.nih.gov/pubmed/9060036
http://doi.org/10.1021/acs.est.8b04246
http://doi.org/10.1093/toxsci/kfr254
http://doi.org/10.1021/es401772m
http://doi.org/10.1021/acs.chemrestox.9b00182
http://www.ncbi.nlm.nih.gov/pubmed/31313575
http://r.meteo.uni.wroc.pl/web/packages/dplR/vignettes/intro-dplR.pdf

Toxics 2021, 9, 315 18 of 18

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Henneberger, L.; Miihlenbrink, M.; Kénig, M.; Schlichting, R.; Fischer, F.C.; Escher, B.I. Quantification of freely dissolved effect
concentrations in in vitro cell-based bioassays. Arch. Toxicol. 2019, 93, 2295-2305. [CrossRef] [PubMed]

Henneberger, L.; Miihlenbrink, M.; Heinrich, D.J.; Teixeira, A.; Nicol, B.; Escher, B.I. Experimental Validation of Mass Balance
Models for in Vitro Cell-Based Bioassays. Environ. Sci. Technol. 2020, 54, 1120-1127. [CrossRef] [PubMed]

Tanneberger, K.; Knobel, M.; Busser, F.J.M.; Sinnige, T.L.; Hermens, J.L.M.; Schirmer, K. Predicting Fish Acute Toxicity Using a
Fish Gill Cell Line-Based Toxicity Assay. Environ. Sci. Technol. 2013, 47, 1110-1119. [CrossRef] [PubMed]

Dupraz, V.; Stachowski-Haberkorn, S.; Wicquart, J.; Tapie, N.; Budzinski, H.; Akcha, F. Demonstrating the need for chemical
exposure characterisation in a microplate test system: Toxicity screening of sixteen pesticides on two marine microalgae.
Chemosphere 2019, 221, 278-291. [CrossRef]

Huchthausen, J.; Miihlenbrink, M.; Konig, M.; Escher, B.I.; Henneberger, L. Experimental Exposure Assessment of Ionizable
Organic Chemicals in In Vitro Cell-Based Bioassays. Chem. Res. Toxicol. 2020, 33, 1845-1854. [CrossRef] [PubMed]

Schug, H.; Maner, J.; Hiilskamp, M.; Begnaud, E; Debonneville, C.; Berthaud, F.; Gimeno, S.; Schirmer, K. Extending the concept
of predicting fish acute toxicity in vitro to the intestinal cell line RTgutGC. ALTEX 2019, 37, 37-46. [CrossRef]

Endo, S.; Escher, B.I.; Goss, K.-U. Capacities of Membrane Lipids to Accumulate Neutral Organic Chemicals. Environ. Sci. Technol.
2011, 45, 5912-5921. [CrossRef]

Endo, S.; Goss, K.-U. Serum Albumin Binding of Structurally Diverse Neutral Organic Compounds: Data and Models. Chem. Res.
Toxicol. 2011, 24, 2293-2301. [CrossRef] [PubMed]

Henneberger, L.; Mithlenbrink, M.; Fischer, EC.; Escher, B.I. C18-Coated Solid-Phase Microextraction Fibers for the Quantification
of Partitioning of Organic Acids to Proteins, Lipids, and Cells. Chem. Res. Toxicol. 2018, 32, 168-178. [CrossRef]

OECD. Guidance Document on Aquatic Toxicity Testing of Difficult Substances and Mixtures; Organization for Economic Co-operation
and Development: Paris, France, 2019.

Rubino, J.T.; Yalkowsky, S.H. Cosolvency and Deviations from Log-Linear Solubilization. Pharm. Res. 1987, 4, 231-236. [CrossRef]
[PubMed]

Millard, J.W.; Alvarez-Nuriez, F.; Yalkowsky, S. Solubilization by cosolvents: Establishing useful constants for the log-linear
model. Int. . Pharm. 2002, 245, 153-166. [CrossRef]

Miyako, Y.; Khalef, N.; Matsuzaki, K.; Pinal, R. Solubility enhancement of hydrophobic compounds by cosolvents: Role of solute
hydrophobicity on the solubilization effect. Int. . Pharm. 2010, 393, 48-54. [CrossRef] [PubMed]

Henneberger, L.; Goss, K.-U.; Endo, S. Equilibrium Sorption of Structurally Diverse Organic Ions to Bovine Serum Albumin.
Environ. Sci. Technol. 2016, 50, 5119-5126. [CrossRef] [PubMed]

Escher, B.I; Eggen, R.I.L.; Schreiber, U.; Schreiber, Z.; Vye, E.; Wisner, B.; Schwarzenbach, R.P. Baseline Toxicity (Narcosis) of
Organic Chemicals Determined by In Vitro Membrane Potential Measurements in Energy-Transducing Membranes. Environ. Sci.
Technol. 2002, 36, 1971-1979. [CrossRef] [PubMed]

Kliiver, N.; Vogs, C.; Altenburger, R.; Escher, B.I; Scholz, S. Development of a general baseline toxicity QSAR model for the fish
embryo acute toxicity test. Chemosphere 2016, 164, 164-173. [CrossRef]

Bittner, L.; Kliiver, N.; Henneberger, L.; Muehlenbrink, M.; Zarfl, C.; Escher, B.I. Combined Ion-Trapping and Mass Balance
Models To Describe the pH-Dependent Uptake and Toxicity of Acidic and Basic Pharmaceuticals in Zebrafish Embryos (Danio
rerio). Environ. Sci. Technol. 2019, 53, 7877-7886. [CrossRef]

Judson, R.; Houck, K.; Martin, M.; Richard, A.M.; Knudsen, T.B.; Shah, L; Little, S.; Wambaugh, J.; Setzer, R.W.; Kothiya, P; et al.
Analysis of the Effects of Cell Stress and Cytotoxicity onIn Vitro Assay Activity Across a Diverse Chemical and Assay Space.
Toxicol. Sci. 2016, 153, 409. [CrossRef]

Stadnicka-Michalak, J.; Tanneberger, K.; Schirmer, K.; Ashauer, R. Measured and Modeled Toxicokinetics in Cultured Fish Cells
and Application to In Vitro - In Vivo Toxicity Extrapolation. PLoS ONE 2014, 9, €92303. [CrossRef]

Wilkening, S.; Stahl, F; Bader, A. Comparison of Primary Human Hepatocytes And Hepatoma Cell Line HepG2 With Regard To
Their Biotransformation Properties. Drug Metab. Dispos. 2003, 31, 1035-1042. [CrossRef] [PubMed]

Hewitt, N.J.; Hewitt, P. Phase I and II enzyme characterization of two sources of HepG2 cell lines. Xenobiotica 2004, 34, 243-256.
[CrossRef] [PubMed]

Gerets, H.H.J.; Tilmant, K.; Gerin, B.; Chanteux, H.; Depelchin, B.O.; Dhalluin, S.; Atienzar, F.A. Characterization of primary
human hepatocytes, HepG2 cells, and HepaRG cells at the mRNA level and CYP activity in response to inducers and their
predictivity for the detection of human hepatotoxins. Cell Biol. Toxicol. 2012, 28, 69-87. [CrossRef] [PubMed]


http://doi.org/10.1007/s00204-019-02498-3
http://www.ncbi.nlm.nih.gov/pubmed/31230094
http://doi.org/10.1021/acs.est.9b06144
http://www.ncbi.nlm.nih.gov/pubmed/31852189
http://doi.org/10.1021/es303505z
http://www.ncbi.nlm.nih.gov/pubmed/23227966
http://doi.org/10.1016/j.chemosphere.2019.01.035
http://doi.org/10.1021/acs.chemrestox.0c00067
http://www.ncbi.nlm.nih.gov/pubmed/32368900
http://doi.org/10.14573/altex.1905032
http://doi.org/10.1021/es200855w
http://doi.org/10.1021/tx200431b
http://www.ncbi.nlm.nih.gov/pubmed/22070391
http://doi.org/10.1021/acs.chemrestox.8b00249
http://doi.org/10.1023/A:1016408211963
http://www.ncbi.nlm.nih.gov/pubmed/3509286
http://doi.org/10.1016/S0378-5173(02)00334-4
http://doi.org/10.1016/j.ijpharm.2010.03.059
http://www.ncbi.nlm.nih.gov/pubmed/20363302
http://doi.org/10.1021/acs.est.5b06176
http://www.ncbi.nlm.nih.gov/pubmed/27098963
http://doi.org/10.1021/es015844c
http://www.ncbi.nlm.nih.gov/pubmed/12026980
http://doi.org/10.1016/j.chemosphere.2016.08.079
http://doi.org/10.1021/acs.est.9b02563
http://doi.org/10.1093/toxsci/kfw148
http://doi.org/10.1371/journal.pone.0092303
http://doi.org/10.1124/dmd.31.8.1035
http://www.ncbi.nlm.nih.gov/pubmed/12867492
http://doi.org/10.1080/00498250310001657568
http://www.ncbi.nlm.nih.gov/pubmed/15204697
http://doi.org/10.1007/s10565-011-9208-4
http://www.ncbi.nlm.nih.gov/pubmed/22258563

	Introduction 
	Materials and Methods 
	Basic Model Description 
	Sorption to Vessel Wall (Plastic) 
	Depletion Factors (DF), Enrichment Factors (EF), Equivalent EQP Blood Concentrations 
	Model Implementation (Excel/VBA) 
	Model Implementation (R/EAS-E Suite) 
	Model Parameterization and Evaluation 
	Parameterization of Head Space Volume (VA) 
	Metrics of Model Performance (MB and MAE) 

	Illustrative Model Application (ToxCast Assays/EFB) 

	Results 
	Model Performance for the Tanneberger et al. Data Set 
	Model Performance for the Dupraz et al. and Huchthausen et al. Data Sets 
	Model Performance for the Schug et al. Data Set 
	Illustrative Model Application (Baseline Toxicity and EFB) 

	Discussion 
	References

